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FOREWORD

Since October 1950, The Franklin Institute, Laboratories for
Research and Development, has made a study of power sources, initiators
and other components for electric fuzes. Originally sponsored by the
Office of the Chief of Ordnance, the work since December 1953 has been
performed for Picatinny Arsenal, ORDEB-TPl. The program consists of

several phases:

(a) A review and evaluation of current work on electric fuzes
and their components.,

(b) Research and development on electric power sources and
fuze components,

(e) Development of instrumentation for the evaluation of
electric initiators, and

(d) Evaluation of electric initiators.

Two series of reports are issued on this contract. The in-
formation gathered in the Review (identified by the letters MR) receives
wide distribution., Progress of experimental work performed at The
Franklin Institute Laboratories is contained in the second series of
reports identified by the letters MT, In addition to these periodic

reports, Interim Reports summarize special studies such as this one.

One of the principal objectives of our phase to evaluate
electric initiators is to describe the performance of each initiator for
the user's benefit. The statistical methods described in this report
were developed as tools to be used in describing an initiator?!s per-
formance. We hope the report will not only indicate the extent and na-
ture of the problems involved, but adequately describe our present solu-
tions. Copies of the report may te obtained from “he Armed Services
Technical Information Agency or Picatinny Arsenal, Samvuel Feltman

Ammunition Laboratories.
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ABSTRACT

The analysis and the evaluation of test data on the functioning
of initiators has been carried out at The Franklin Institute Laboratories
by means of techniques that are based on statistical principles. We can
never pick up an initiator and be able to assert Lhat we know with cer-
tainty it will function upon application of a given input, or that its
func.oning time i1s less than a given number of microseconds. However,
we can, after analyzing sufficient data, say that 999 times out of 10CO
it will so function, or will have such a functioning time. Thus the
method ol acrumulating test data and that of analyzing them both differ
from ocur ordinary methods.

In this repert great pains have been taken to describe the oper-
ation of *he new technique as it is applied to experimental designs,
analysis of the data, and application of the results to the writing of
meaningful specifications and the adoption of reliable acceptance sampling
plans.

The initistor response of certain wire and carbon bridge deto-
nators is described in terms of two characteristics which, by their joint
action, make up a descriptive model of the initiator. The first one is
functioning time., The manner of its variation with size and nature of
input is first determined. From these data it is shown to be possible
to evaluate functioning time graphically. Finally there is given the more
precise analytical method of evaluation from the same data.

A similar technique is applied to the attribute of sensitivity.
This requires the use of a new experimental design, and the advantages and
disadvantag:s of the probit, the Bruceton, and Bartlett's designs are
discussed and illustrated, Analysis of sensitivity data is discussed from
the view point of the probit analysis, Berkson’s logit analysis, the
Bruceton analysis, a modified probit and logit analysis, and finally the
analysis of Bartlett's design. Bcth graphical and analytical evaluation
of the resulis are made. Finally, some of the possible applications that
can be made of the information gathered from the analyses are stressed.

A comparison of the results chtained with a large number of
detonators brought to light two points of interest: (1) manufacturer's
lots of supposedly the same type of detonator differ enormously from lot
to lot. No two lots are really alike. (2) These differences are often
larger than the difference between different types of detonator.

There appeared to be a probable correlation between functioning
time and functioning probability which, if it proves to exist, will sim-
plify the testing of detonators,
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1. INTRKCDUCTION

This report provides some ot the much needed stat. ‘ical
background for the analysis of test data on both carbon and wire bridge
initiators, Measurable parameters are developed that describe the re-
sponse oI the "average'" initiator under varicus input conditions. The
particular data presented in this report refer to various types of initi-
tor and are used only to illustrate typical analyses. The methods de-
acribed here are perfectly general, but require some adaptation for each
initiators. In addition, it has become evident that new tools are fre-
quently needed and should be developed in connection with any test studies

made under this program.

The parameters cbtained from the analyses lead to test levels
suitable for specification purposes and acceptance sampling plans. This
is important since quality control of so delicate a product as initiators

can hardly be achieved without the use of statistics.

2, INITTATOR RESPONSE

Both carbon and wire bridge initiators have been tested ex-
tensively. The variables that influence their response are chiefly var-
iations in the energy input trom various sources, as well as temperature--
cycling and other forms of '"conditioning.!" For example, when initiators
are fired from a condenser the voltage of the firing source and the
capacitance can be varlied. Or, when they are fired from a constant
current device, the magnitude of the current and its duration can be
varied, Again, when initistors are trired from a constant voltage device,
the level of the vyoltage and the duration of the impulse can be varied.
Finally, when they are fired from an actual installation, a combination
of manv =2ffects must be considered before the response of the initiators

can be well understood.

It is true that a so called thousand -erg detonator may be
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expected to respond with a probability of 0.999 (9.9 per cent of the
time) if the energy source supplies 1000 ergs. However, this evergy
package is not always s:ifficient to predice detcnation, especially in a
carbon bridge detonator. The firing capacitance must be of the right

size and energy must be fed into the initiator at a rate which depends

uponi that size., Hence, high voltages are required for small capacitances.

while large capacitances need only relatively small voltages. Variationu
in the firing voltage, therefore, affect the response of the initiator

like variations in firing energy and capacitance combined.

It is frequently required that each initiator in a given lot
react within a specified minimum time, or that the reaction time from
one to another in the same lot vary as little as possible, Fur examplc,
the specified maximum functioning time for the T1I8E3 carbon bridge deton-
ator is 10 microseconds. Other less sensitive initiators have a larger
functioning time, Nevertheless, the functioning time is not an exactly
reproducible variable because of small variations in the construction

of the detonators.

In summary, the functioning of initiators is now measured by
an attri’ :te and a variable, namely the quantal response if functioning
and the resultant functioning time. The over-all response depends uporn
the input conditions. For large inputs, the initiator will almost cer-
tainly function with a short functioning time. But for smaller inputs,

not all initiators will function, and those that do, will show relati.
longer functioning times. Some of the initiators will even fail to
function. This phenomenon is of the type that statisticians refer to as
a yes-no or quantal response., Of necessity, it enters into the picture
that we wish to paint of the over-all response of initiators. Therefore,
we shall ultimately describe initiator response in terms of two charac-
teristics: (1) Functioning Time (a variable), (2) Sensitivity (an attri-
bute ).

The joint action of these characteristics makes up a descriptive

-3
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model of the initiator. For purposes of illustration only, we have
chosen here various wire and carbon bridge detcnators. The interaction
of the characteristics separates the response into regions of applica-
bility and non-applicability. From these regions it can be inferred in
which application the use of any particular detonator is advisable or
not advisable. The model also permits us to locate suitable levels for
specification testing, acceptance sampling plans, and production quaiity

control,
3. FUNCTIONING TIME

The functioning time of initiators, tested with the FILITS
equipment, is measured with a complex instrumentation described elsewherc
(Operation and Maintenance Manual, FILITS; Oct. 15, 1954). A point of
interest here is the sensitivity of the apparatus. 7The time measurements
are made with a counter chronograph registering units of one-eighth micro-
second. Therefore, readings of about one microsecond and over are fairly
accurite, since they are far from the possible instrumental error of
* 1/8 microsecond. Readings much iarger can be considered free of error
for all practical purposes. The source of energy which causes the deton
ator to function-or fajl, as the case may be-is a charged capacitor. it
is charged to a predetermined voltage from a constant voltage source andi

is discharged through a mercury switch relay.

We must expect that the functioning time of initiators will

vary both with energy or voltage imputs and with changes in the firing
capacitance., To establish the magnitude of such variations, experiments
can be made over the whole range of available voltage~ .au cegacitances.
The resulting data show, then, the dependence of the functioning time, t,
upon a source capacitance, C, applied voltage V, and energy parcel, W.

An important factor in these tests is the fact that certain combinatinrs
of C, V, and W result in very low functioning prohabilities. Therefore,

the majority of tests is performed in a region where detonation is almost
_4_.
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certain to occur. Tests in the fifty per cent probability firing region
are available from stratified data obtained during sensitivity analyses
(cf. Section 4). These data yield information even at the lowest proba-
bility levels. Tests outside of the mean functioning probability range
are usually conducted only for inputs that assure a very high functioning
probability. Such tests yield information under conditions where the
functioning times are, in general, reproducible. The sum of all this
information furnishes a descriptive picture of the variation in functien-
ing time of 2 detonator together with the uncertainty due to its proba-
bility factors.

3.1 Constant Input Conditions

The first problem to be considered is the representation of
functioning time data obtained under constant input conditions. As
stated earlier, it is obvious that a test series performed with a certain
detonator, even under constant test conditions, will result in a series
of functioning times that are likely to daiffer from one another. There-
fore, the description of such test results must be made in statistical
language.

Table (3-1) shows test data obtained for T24El (AAP-20-1) deton-
ators fired at 15,85 volts from an 0,100 microfarad condenser. The func-
tioning times vary between 22 and 50 microseconds, There are two forms
of analyses to which we can subject these data. In one form the average
functioning time, t, and its standard deviation (corrected for sample
size) is computed directly from the observed data., In the other form
the possible skewing of the data is taken into account and the work is
carried out with the logarithms of the functioning times. The following

equations can then be used:

t = observed functioning time, microseconds
log t (1)

n = number of observations

A
n

-5~
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t= 2Zt/n
= average functioning time from raw data
2 2
3, = ~/(aZ” - (&))" )/ (n (n-1) )
= standard deviation in original units from
raw data
T=3 v/ n

= average logarithmic functioning time

w
ti

e e @t ) /@ e )

standard deviation in logarithmic units from

fi

logarithms of functicning times

I-A1804-1

N
Ny
-

(3)

(4)

(5)

The connection between these formulas is not an absolute one.

However, for nicely behaved data, the following approximations hold:

t % antilogT

s, % (antilog 7 ) (antilog 5. -1)

(6)

(7

The data of Table 3dare scmewhat skewed and these two relations

are, therefore, only approximately true. The reason for applying logarith-

mic transformationsis that the distribution of the absolute functioning

times is frequently skewed. The use of logarithms reduces the long tail

for large functioning times and extends the part of .ne distribution that
lies to the left of the mode. This is a fairly well known technique

usually applied when only empirical data are available, It would naturally

b
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Table 3-1. FUNCTIONING TIMES FOR 28 DAY-TEMPERATURE CYCLED

DETONATOR TR24E1l (AAP 20-1)

t, microseconds
26.875
Ll 625
39.125
50.25
26,125
48.25
38.625
39.625
49.125
45.375
22,75
31.125

= 12 n
461.875 z T
18800. 576125 5 72

38.5 K4
= 9.6

fl

it

It

Antilog 7
(Antilog 7)(Antilog s{—l)

0.1t
15.85V

< O
It

i

Ref: Data Page 345

~7=
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1.42935
1.64958
1.59246
1.70114
1.41706
1.68350
1.58686
1.59796
1.69130
1.65682
1.35698
1.49311

12
18.85612
29.78411
1.57134
.11858

37.3
11.7
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be much more desirable to know something about how these function
times ought to be distributed, but in the absence of such information

simple, empirical methods must be used,

Either of the two methods will, therefore, yield a mean func-
tioning time and some measure of the distribution about this mean, for
a group of observations obtained under constant input conditions. What
happens to the functioning time when the input conditions are varied will
be discussed in the following section (3.2). Although the logarithmic
treatment of the functioning time data involves a considerably greater
amount of work than the analysis of the untransformed datz, it is to be
preferred wherever the data are highly skewed to the left, e.g., when they
show a long tail for large functioning times., For less critical analyses,
however. the use of formulas (2) and (3) yieldsthe desirable parameters

with greater facility.

3.2 Effects of Variations "= Input

It is well known that the functioning time of a detonator is
very dependent upon the type and the magnitude of the energy input pro-
vided it is sufficient to cause detonation. Since we have developed
methods for analyzing functioning time data under constant input con-
ditions in the preceding section (3.1) we can now apply these methods
to any group of data obtained under any input conditions. Thus, the
mean functioning times can be computed in tabular form for various input
voltages and capacitances, as is shown for the T18E3 (Atlas Lot AAP 50-2)
in tables 3-2 and 3-3, The first shows the mean functioning times ob-
tained from equation (2), while the other table shows the standard de-

viations obtained from equation (3).

The tables serve to substantiate several experimentally observed
facts of interest., First of all, the functioning time varies significantly
(in the statistical sense) with the input. Appropriate significance tests

have been performea to establish this fact beyond any doubt, For this

_8.
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particular detonator, we were able to cbtain a mean functioning time as
low as 2.8 microseconds for a high voltage input from a large capacitancc.,
Such a functioning time is considerably below that required by specifi-
cations now set at 10 microseconds or less., On the other hand, a func-
tioning time greater than permissible by specifications occurs for a low
voltage from a medium or a large size capacitance, especially in the re-

gion where the functioning of the detonator is nct very probable,

Second, the variability dispersion in the functioning time is
also dependent upon the input. Table 3-3 shows that the standard devia-
tion may be very small, which may indicate that the detonation, if set
off with enough electrical "brute force'" does not depend very heavily
upon the mechanical and chemical variation in detonator construction.

A detonation initiated near the fifty per cent firing probability level,
on the other hand, shows great variability in functioning, namely, the
standard deviation is both large and erratic. For example, for C = 0,01

microfarads and V = 50.2 volts, we find s, = 5.,% microseconds; while for

the same capacitance and V = 79,5 volts WZ have st = 0.5 microseconds.
Significance tests have established that many of these variations in the
estimated standard deviation are "real' in a statistical sense., This may
indicate that a detonator, when not set off by electrical "brute force",
tends to respond much more to the variability in construction by exhibiting

a greater variation in the functioning time.

Finally, we may investigate the amount of energy required for

detonation., Usually, the energy is computed from

W=s5cvl ' (8)

where W is measured in ergs, while C and V are measured in microfarads

and volts, as before, Table 3-4 shows the values of W, for a detonation
within the stated range of input. For a constant capacitance and an
increasing voltage, the energy fed into the detonator alsc increases. The

table shows, therefore, the minimum energy required to obtain detonation.
=92
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The mean functioning time and the variability in functioning time may he
considered dependent upon input stated in terms of voltage and capacitance,
or in terms of energy. The T18E3 type detonator is seen to be responsive
to an energy input as small as 40 ergs in one instance. But we note

also that for a large capacitance and a small voltage a much higher en-
ergy input is required to insure detonation., This fact causes us to
question the advisability of the frequently used terminology “1Q0-crg
detonator'" or "1000-erg detonator"., This terminology has little, if any
validity, in the light of the fact that a statement of energy alone is in-

sufficient to characterize the response of a detonator.

3.3 Graphical Evaluation of Functioning Time Data

Since functioning time is a characteristic property of all
detonators, the user frequently needs to predict the functioning times
of a particular detonator for some projected installation. If we return
to Table 3-2, we find that we can be certain that the T18E3 detonator will
have a functioning time l.ss than 10 microseconds, if it is fired frecm a
0.0l microfarad condenser with a voltage exceeding £0 volts. But the
question arises, whether we cannot state the functioning time more accur-
ately by shaving it down a bit., To do so we must use & probability model
incorporating unfamiliar and technical terms. We shall now try to de-

velop such a model and show how its parameters can be found graphically.

We shall first arrange the observed mean functioning times in
a plot, such as that shown in Figure 3-1. This plot shows the observed
mean functioning times in micreseconds at those points, with coordinates
(log C, log V), where they have been observed, The observed points are
samples taken on the hypothetical model t = t(C,V) which represents a
surface in three~dimensions., Because of the variation in the_construction
of a detonator, sampling cannot possibly yield the true surface at most
points, It is necessary to find an approximation to the true surface by
means of smoothing. In the case of a detonator, the smoothing amounts

to the search for a family of curves ¢ = t(C,V) which come close to the

-13-
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observed points. The family is naturally not constructed for the type

of average functioning times observed, €¢ge., 2.8, 2.9, 3.4, etce micro-
secondse The family is rather constructed for easily assayable function-
ing times such as 3, 4, 5, 10, 20, etc., microseconds and it is assumed

that the reader can find otner mean functioning times by interpolation.

With some experience in graphical interpolation, we can readily
construct such a family of curves. In actual practice, it is advisable
that several curves be constructed independently and that the final
smoothing be done by means of a graphical averaging process. 1%t is essen-
tial that the type of model for the construction of the family of curves
be chosen to conform with the empirical data. In table 3-2 we computed
row averages of the mean functioning times (right hand column) as if the
mean functioning times observed were possibly independent of the firing
capacitance, Some of the earlier graphs released under this project
were actually based upon such a model., However more recent studies in-
dicate that this model holds only within a narrow range. If we assume
that mean functioning time is independent of firing capacitance, the
model yields '"horizontal'" lines for constant functioning times, as shown
in Figure 3-2, If we do not assume such independence, the model yields
curved lines for constant functioning time, as shown in Figure 3-3. The
latter is without doubt the better representation of the observed func-

tioning times and their respective averages.

We have described this graphical smoothing procedure for the
mean functioning times in great detail because the procedure as such is
generally applicable to other detonator data. The next step is to use a

similar procedure to incorporate the observed standard deviations into
the picture of the functioning times. It is sufficient to describe it

...... . — -

with less detall and to exhibit only the final results.,

We have prepared a plot of the observed standard deviations
that 1s similar to that of the mean functioning times in Figure 3-1, From

this plot we readily obtained another, showing multiples of the smoothed

-
-
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standard deviations. Useful multiples are the well known terms 1,645 3¢ »
26327 Sy 3 and 3,09 Sy which refer to the 95%, 99% and 99.9% probability
levels respectively, on the assumption that there is a normal distribu-
tion of the data. By adding the levels obtained from the multiple
standard devia“ions and those obtained earlier for the mean functioning
times, we can obtain estimates of the upper limits of the functioning
times which correspond to certain given probabilities. Figure -4 shows
the 99% and 99.9% levels obtained in this manner for the T18E3 (AAP 50-2)

carbon bridge detonator.

In order to use this diagram let us assume that in a given in-
stallation with this particular detonator a firing capacitance of 0.0l
microfarads and a firing voltage of 200 volts are available. We can then
state that on the average this parcticular detonator will have a functilon-
ing time of 2.95 microseconds. We can further state, with a probability
of 99,9%, that under these conditions the detonator will function in less

than 5.3 microseconds.

This chart may also be used as follows: Given a firing capaci-
tance of 0,1 microfarads, what firing voltage must be available so that
we can "guarantee! a functioning time of less than 10 microse:onds? Re-
ferring to the chart, we find that t.999 = 10 and C = C,1 intersect at
V = 80 volts, Therefore, with such a firing voltage we can be almost
sure that the detonator under test will have a functioning time less

than 10 microseconds.

Concerning the data necessary for the corstruction of a model
of detonator functioning time, we return to Figure 3-1. We note 1n
passing that not all points in this diagram were obtained with the same
precision: some represent samples of », others as many as 20 detonators.
The reasons for such unequal sample size in the several points 1s that
they do not all stem from the same source in the testing program., The

"Jower" points in the diagram are obtained throughout during the sensi-

tivity tests; only the "upper!" points are obtained from specially designed

_18-
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functioning time tests., Figure 3-1 shows that the experimental pro-
cedure will give good coverage of the functioning time area if we adopt

a checker-board design which prcduces enough points, distributed fairly
uniformly, so that the family of curves can be constructed. Such a pro-
cedure increases the number of units to be tested, How many detcnators
should be tested for functioning time at each point? Since it is not
necessary to obtain the functioning time with great accuracy samples of
six at each poini are sufficient. If the units are expensive the sample
size may have to be reduced, as well as the number of test points covering

the area in Figure 3-2,

Finally, how accurately does the family of curves obtained from
this graphical procedure describe a given detonator? This question
cannot be answered definitively; however, there are available some statis-
tical tools that give the required answers in terms of probability. The
next section of this report will be devoted to such analytical studies
and will report on functioning time evaluations made both graphically
and analytically,

3.4 Analytical Evaluation of Functioning Time Data

After the functioning times for various combinations of firing
capacitance, C, and firing voltage, V, have been determined, we may need
a more refined model for the detonator under test than that described
in connection with graphical smcothing procedures (Section 3.3). The
model will now take the form cf a mathematical equation. Since nothing
is known about the "true' model, an approximate equation must be chosen
that may represent the data adequately, Therefore, exverience gained
with the graphical procedures will be very helpful.

Returning to Figure 3-4, we find that the model does take the
form t = t(V, C), but that it will be more convenient to deal with the
logarithmic model instead: 7 = v ( log V, log C). The shape of the
curves obtained thus far indicates clearly that this function will con-
tain non-linear terms as well as interdependent terms between log V and

-20-
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log C. Therefore, it may well be represented in the form of a complete

Taylor expansion for two variables:

logt =171 = a9 + a5 log V + ag log C + a20 logZV + ay log V log C +

2

logC + a 3

+ a 0 log’V + a 1 log2V log C + a5 log V logZC

02 3 2

+ 303 lOgBC t eee (9)

Such an expansion makes good sense in the region in which we study the
functioning time phenomenon. There are no singularities in this region

and the function can be expected to be a well-behaved one., It is now
merely a question of obtaining the parameters a,., by an appropriate
statistical procedure and of learning whether th; introduction of additional

parameters aij yields a better fit to the empirical data.

The procedure is as follows, We must find the function that

fits the given data best. Let us try the first term only in Equation (9).

T = _a (10.1)

This function or model states that the functioning time is
independent of voltage and capacitance and that all observed variations
are merely due to chance. Evidently, we know better; but the function
will be calculated in order to yield what statisticians refer to as a
null-hypothesis. Other functions will be compared with it., The differ-
ences between observed values and those computed from this function are
apt to be large, since the function will not fit the data well. The sum
of the squares of these differences thus yields a large '"variance"
which can be tested against the smaller variances obtained from later

models,
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The next step in refinement of the model is to try a function

consisting of the first three terms of Equation (9).

12 = L350%2810 108 V * an, 1og c (10.2)
This model implies that the logarithm of the functioning time depends
linearly upon the l.ogarithms of the firing voltage and of the firing
capacity, respectively. If we inspect Figure 3-4 once more, we come
at once to the conclusion that this model may possibly be more realistic
than (10.1), but that it still deviates largely from the ™true" and,
unfortunately, unknown model, However, we may proceed to estimate the
three parameters which appear in (10.2) from the given data and to com-
pute the resultant variance. This variance should be smaller than that
obtained from (10.1) and the variance reduction is a measure of how

significantly we have improved our model.

Let us complicate our function still further by the addition

of three more terms from Equation (9).

2
T, =
3 = 3300 + 330 log V + 3801 log C + 3a20 log™V + 383 log V log C

+

330, 108°C (10.3)
This model implies non~linear dependence as well as inter-
dependence between the logarithms of firing voltage and firing capacity.
It leads to a certain variance, which is necessarily smaller than the
preceding variance., The variance reduction is again a measure of how
significantly the model has been improved by the introduction of new

parameters.

This process may be continued with more and more parameuiers,
However, the computation soon becomes very unwieldy. The mathematical-

statistical details of the least squares fitting to the data are shown

20—
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Table 3-5, SUMMARY OF STATISTICAL PARAMETERS FOR VARIOUS
FUNCTIONING TIME MODELS OF THE T18E4 (R < 1000 Q) CARBON
BRIDGE DETONATOR

Parameter Values Variance Degrees of Freedom
1300 0.68231 0.07918 152
BaOO 2.5224,8 0.01807 150
3alo—l.69525

3320 0.34298

SaOO 2.37508 0.01723 148
5aol 0.12950
all-0.0SZAA
0.26839

5
5302
(300 127757 0.02659 147

6201 0.60725

6a20-0.09918
6all—0.15031
6202 0.12624
6203 0.01983
7200 2.62069 0.01371 146
7alo-l.ééa'??
301 0.41713
7320 0.31959

7all-0.02738

7a02 0.2245L

7203 0-O3L40 oNFIDENTIAL
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in Appendix A to which we refer the reader who wishes to carry out such
a computation for himself. We are here mnst interested in the results
of computations for the T18EL ( R < K : special) carbon bridge deton-
ators, The reasons for t. <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>